Acrosin, the trypsin-like serine protease in the sperm acrosome, was long viewed as a key enzyme required for zona pellucida penetration to fertilize eggs. However, gene disruption experiments in mice surprisingly showed that acrosin-disrupted males were fertile. Thus, the acrosin was considered to be not an essential enzyme for fertilization in mice. However, the involvement of acrosin in fertilization has been suggested in various species such as rat, bull, and pig. Moreover, it has been reported that serine protease (including acrosin) activity in mice is significantly weaker compared to other species, including rats. We analyzed the role of acrosin by disrupting the rat acrosin gene. It was found that, unlike in mice, acrosin was almost the sole source of serine protease in rat spermatozoa. Nevertheless, the acrosin-disrupted males were not infertile. However, the litter size from acrosin-disrupted males was decreased compared to heterozygous mutant rats. Further investigation using an in vitro fertilization system revealed that the acrosin-disrupted spermatozoa possessed an equal ability to penetrate the zona pellucida with wild-type spermatozoa, but the cumulus cell dispersal was slower compared to wild-type and heterozygous spermatozoa. This delay was presumed to be the cause of the small litter size of acrosin-disrupted male rats.
Introduction
Eggs are covered by various investments and protected from the environment. Thus, the spermatozoa require a means to penetrate these layers. Abalone spermatozoa release 16-kDa lysin from their acrosome during acrosome reaction, and the lysin dissolves the egg envelope nonenzymatically and makes a hole for passage of spermatozoa [1, 2] . Likewise, ascidian sperm have a surface-exposed chymotrypsin-like protease which enables spermatozoa to transverse the egg envelope [3, 4] .
In mammals, acrosin is known as a major trypsin-like serine protease contained in acrosome and is released by acrosome reaction [5] [6] [7] [8] . Several reports showed that anti-acrosin antibody prevents in vivo fertilization [9, 10] , and various trypsin inhibitors were shown to reduce the sperm-zona pellucida (ZP) binding and sperm penetration of the ZP using an in vitro fertilization system [11] [12] [13] . Circumstantial evidence has long suggested that acrosin plays an important role in fertilization, especially for the ZP penetration step. However, when acrosin-deficient mice were produced and examined, it was found that the spermatozoa could penetrate ZP and produce healthy offspring without acrosin [14] . Alternatively, the involvement of acrosin in cumulus layer penetration was postulated by comparing the Acr +/+ and Acr +/− spermatozoa. The Acr −/− spermatozoa were shown to exhibit delayed fertilization [14, 15] . For another role of acrosin, there was a report that acrosin might be to facilitate the dispersal of acrosomal content after the acrosome reaction [16] . In any case, the results found in knockout mice contradicted reports indicating acrosin's important role in fertilization in various animals. However, it was reported that acrosin was not the sole source of serine protease in mouse spermatozoa. Moreover, acrosin activity in mouse spermatozoa was reported to be very weak compared to that of another species [17, 18] . The role of acrosin in mice might have evolved differently than in species possessing "strong" acrosin (including rat and human) [18] [19] [20] . This led us to speculate that the role of acrosin in mice might not be applicable to other mammalian spermatozoa.
Recently, gene-disruption experiments began in rats [21] [22] [23] [24] . In this study, we applied this technique and the role of acrosin in rats was investigated.
Materials and methods

Animals
All animal experiments were conducted in accordance with the guidelines of "animal experiment rules" established by the Research Institute for Microbial Diseases, Osaka University, and were approved by the Animal Care and Use Committee of the Research Institute for Microbial Diseases, Osaka University. SD rats, ICR mice, and BDF1 mice were purchased from Japan SLC, Inc. Wistar rats were purchased from Charles River Laboratories Japan, Inc.
Construction of the targeting vector
The rat Acr gene consists of five exons, and the targeting vector was designed to remove from the first to the third exon of Acr ( Figure 1A) .
A targeting vector was constructed using pNT1.1 [25, 26] For rat Acr gene disruption, a 3.6-kb NotI-XhoI fragment as a short arm and a 5.5-kb EcoRI-AscI fragment as a long arm were obtained by PCR amplification using genomic DNA derived from F344/N as a template. The PCR primers used were (5 -3 ): AAGCGGCCGCCCAAGGCCCTAAGCATGTCAGC and GAC-CTCACAAAGCTCTGCAGCC for the short arm; AAGGCGCGC-CTCTCACATTGCCGGCCAGGCTT and ATCCGGATTGTCG-GAGGGCAGA for the long arm.
These two fragments were inserted into a pNT1.1 vector and the targeting construct was linearized with PmeI.
Generation of acrosin-disrupted rat through the mouse←rat chimeric method Acr-disrupted rats were generated through the mouse←rat chimeric method as described [21] . Genotyping primers for the detection of Acr-disrupted rat were (5 -3 ): 5 -CGCCTTCTGACAACCTGACACCA-3 (rAcr-F1 for typing), 5 -CAGCCTCTGAGCCCAGAAAGCG-3 (Neo-Pr2727 for typing), 5 -TGCTACGTGACTGGGTGGGGATA-3 (rAcr-R1 for typing). DNA fragments were amplified using KOD FX (TOYOBO) for 40 cycles under the following conditions: 94
• C for 30 s, 65
• C for 30 s, and 72
• C for 1 min.
Acrosin-disrupted rats (W; Cg-Acr tm1Osb) will be available through the National BioResource Project for the Rat in Japan.
Gelatin zymography for serine protease activity Sperm extract was prepared as described [14] . Serine protease activities in rat sperm extract were assessed using a Zymogram-PAGE mini and Zymogram buffer kit (TEFCO). The gelatin hydrolyzing was visualized by staining the Coomassie brilliant blue.
Spontaneous acrosome reaction
Cauda epididymal spermatozoa were dispersed in HTF medium. Sperm were incubated with antihuman IZUMO antibody [27] and Alexa Fluor 488-conjugated anti-rabbit IgG antibody, and then counted under a fluorescence microscope (Olympus BX50).
Recovery of eggs after mating
Superovulated Wistar (3-4 weeks old) females were mated with males (3-6 months old). Eggs were collected from the oviduct for 24 h or 44 to 48 h after hCG injection. Pronuclear stage or two-cell stage embryos were counted under an inverted microscope (Olympus IX71).
In vitro fertilization assay
The medium used throughout the experiments was HTF [28] .
Cauda epididymal spermatozoa from male rats (3-6 months old) were preincubated for 4 h in 1 ml HTF medium. The concentration of spermatozoa was adjusted to 1 × 10 5 sperm/ml in 100 μl HTF for the inseminating drop. Unfertilized eggs in oocyte-cumulus complexes (OCCs) were collected from oviductal ampulla in superovulated (3-4 weeks old) females. Cumulus-intact IVF was performed by mixing OCCs and spermatozoa in the inseminating drop and then incubated at 37
• C under 5% CO 2 in the air. Cumulus cells were removed by 0.03% hyaluronidase and were used for "cumulus-free IVF" by adding spermatozoa in the inseminating drop and then incubated at 37
• C under 5% CO 2 in the air. Ten hours after insemination, we assessed fertilization by examining either zona-penetrated spermatozoa or formation of male pronuclei, depending on fertilization stage, using an Olympus IX71 inverted microscope.
Cumulus dispersal assay
Cauda epididymal spermatozoa and OCCs were prepared as described in the section"in vitro fertilization assay". The OCCs were deposited in 50 μl of HTF droplets prepared on a 60 φ plastic dish (IWAKI 1010-060) covered with paraffin oil (Nacalai Tesque, 26 117-45), and the spermatozoa preincubated for 4 h for capacitation were added to the droplets to make a final concentration of 1.0 × 10 6 sperm/ml. The mixtures were incubated at 37
• C under 5% CO 2 in air. The status of cumulus cells in the droplets was observed sequentially following 30 and 60 min of incubation under a stereotype microscope (Olympus SZX7) with darkfield lighting.
Sperm oocyte fusion assay
The cumulus-free oocytes were treated with 1 mg/ml collagenase to remove the ZP. The ZP-free oocytes were mixed with capacitated epididymal sperm (1 × 10 5 sperm/ml) for 5 h. Since the rat oocytes were resistant to Hoechst 33342 loading, the fusion assessment was done after fixation of oocytes with 2% paraformaldehyde followed by staining by Hoechst 33342. Eggs with swollen sperm nucleus were judged as being fused.
Results
Generation of Acr knockout rats through mouse←rat chimera
To generate Acr-deficient rat, we used our newly established mouse←rat chimera formation system [21] . In brief, we injected GFP-tagged rat ES cells to mouse blastocysts and obtained GFPtagged rat spermatozoa in chimeric testes. The rat spermatozoa were used for testicular sperm extraction and intracytoplasmic sperm injection (TESE-ICSI) to produce knockout (KO) rats. The Acr targeted rat ES cells were made using a conventional method, and we obtained one female and one male Acr +/− rat using TESE-ICSI ( Figure 1A ).
Mating between Acr +/− rats yielded the expected Mendelian ration of offspring: 25 wild type (Acr +/+ ), 46 heterozygous (Acr +/− ), 22
homozygous (Acr −/− ). We observed no developmental abnormalities in Acr −/− rats.
The disappearance of acrosin from Acr −/− spermatozoa was assured by western blotting ( Figure 1C ). The entire proteolytic activity was also examined using sperm extracts in gelatin zymography. Protease activities were detected from the 30 to 45 kDa area in Acr
and Acr +/− spermatozoa, but not in Acr −/− spermatozoa ( Figure 1D ).
Biological properties of the Acr
Observation of the testicular sections of Acr −/− and Acr +/− rat testes yielded no sign of defects in spermatogenesis ( Figure 2A ). Spermatozoa were then collected from the cauda epididymis of Acr −/− rat, and their shapes, numbers, and sizes were observed in comparison with those of Acr +/− rats (Figure 2A ), but again, no differences were found. The motility of spermatozoa was examined using a CEROS computer-assisted sperm analysis system (Hamilton Thorne Inc.) and it was shown that the Acr −/− rat spermatozoa were as motile as Acr +/+ and Acr +/− spermatozoa ( Figure 2B ).
When the rate of spontaneous acrosome reaction was examined by using anti-IZUMO antibody staining, the Acr −/− rat spermatozoa showed a slightly higher ratio of anti-IZUMO1 reacting spermatozoa compared to the Acr +/− spermatozoa during 120 min of incubation. However, the difference was not found in 150 and 180-min incubated spermatozoa ( Figure 2C and Supplemental Figure S1 ).
Fertilizing ability of Acr −/− spermatozoa in vivo
To examine the fertility of Acr −/− male rats, seven Acr −/− and six Acr +/− adult male rats were each caged with a wild-type female for two months. The decrease of pups from Acr −/− male rats was observed despite normal mating behavior and after successful vaginal plug formation. The mean litter sizes of Acr −/− and Acr +/− males were 3.9 ± 2.2 (n = 16) and 10.4 ± 2.8 (n = 22), respectively ( Figure 3A) , while four Acr −/− females mated with Acr +/− males yielded a litter size of 11.1 ± 4.1 (n = 7). In order to clarify the cause of the decreased litter size, we collected eggs from the oviduct of wild-type females, which were superovulated and mated with Acr +/− or Acr −/− males.
When eggs were collected from females mated with Acr +/− males at 44 to 48 h after the administration of hCG, most of the eggs were developed into two-cell embryos (84.3 ± 15.6%; n = 9). However, the ratio was smaller (32.4 ± 15.9%; n = 12) in females mated with Acr −/− males ( Figure 3B ). Next, to analyze the cause of this low fertilization ratio, we examined the ZP penetration in vivo. We collected eggs at 24 h after administration of hCG from the females as described above.
In the Acr +/− group, most of the eggs were fertilized when recovered from the oviduct 24 h after the hCG injection, but the spermatozoa were in various stages of fertilization (ranging from the perivitelline space to the pronuclear stage), indicating the gradual progression of fertilization in vivo as reported in mice [29] . The average fertilization ratio in Acr +/− spermatozoa was 89.5 ± 8.4%
(n = 9), while that of Acr −/− spermatozoa was significantly low (23.2 ± 18.1% (n = 12), P < 0.001) as shown in Figure 3C .
Fertilizing ability of Acr −/− spermatozoa in vitro
The fertilizing ability was also examined in vitro. The ZP binding ability of Acr −/− spermatozoa was found to be not impaired when spermatozoa were added to cumulus-free eggs. The fusing ability to eggs in Acr −/− spermatozoa was also found to be normal when spermatozoa were added to ZP-free eggs and compared (Supplemental Figure S2) . However, when the spermatozoa were added to eggs covered by cumulus layers, the sperm penetration into ZP by Acr −/− spermatozoa (27.6 ± 9.0%; n = 5) was found to be decreased in comparison to that of Acr +/− spermatozoa (81.0 ± 12.2%; n = 5) ( Figure 4A ).
The decreased ZP penetration was due to the presence of cumulus layers because the use of cumulus-free oocyte yielded a ZP penetration in Acr −/− spermatozoa (39.6 ± 15.4%; n = 5), which was a comparable value to that of Acr +/− spermatozoa (53.0 ± 7.2%; n = 5) ( Figure 4A) . We then performed a cumulus cell dispersal assay and found that the cumulus cells were dispersed more slowly by Acr −/− spermatozoa than those of Acr +/+ and Acr +/− ( Figure 4B ). 
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Discussion
Serine protease in rat spermatozoa
Acrosin is known as one of the serine proteases contained in sperm acrosome in various species. However, it has been reported that serine protease activity measured by gelatin or Na-tosyl-L-arginine methyl ester as substrates is weaker in mice than in other species [17, 18] . Moreover, most of the serine protease activity in mice seems not to be derived from acrosin, but rather from GPI-anchored protein Prss21 [30] . On the contrary, serine protease activity in rat spermatozoa is stronger than in mice [18] , and most of the activity was predicted to be derived from acrosin and not from Prss21 [18, 31] . This was proven by the acrosin-disrupted rat spermatozoa. As shown in Figure 1D , most serine protease activity disappeared in acrosindisrupted spermatozoa.
The role of acrosin in the fertilization process
It was widely considered that the acrosomal enzymes including acrosin are released to facilitate fertilization by the acrosome reaction when spermatozoa interact with the ZP. However, the role of acrosin in fertilization was questioned in mice, because acrosindeficient male mice could produce pups normally [14, 15] . Moreover, recent reports indicated that most fertilizing spermatozoa underwent the acrosome reaction before reaching the ZP in mice [29, 32, 33] . Furthermore, papers reported that acrosome-reacted spermatozoa, which were recovered from the perivitelline space and presumed to have finished their acrosomal exocytosis, could penetrate both the cumulus cell layer and ZP and then fertilize and produce live offspring in mice [34] . Thus, the hypothesis that spermatozoa release acrosin upon contact with ZP and facilitate sperm penetration of the ZP was questionable at least in mice.
However, in rats, as shown in Figure 3 , more than half of the ovulated eggs remained unfertilized in oviducts when mated with acrosin-disrupted male. In order to investigate the reason for the decrease of fertilized eggs, we first examined the ZP penetrating activity of acrosin-deficient spermatozoa. However, rat spermatozoa with or without acrosin penetrated ZP in a similar manner ( Figure 4A ). Thus, acrosin was shown not to be the enzyme for ZP penetration in rats, as in the case of mice [14, 15] . Further experiments also indicated the similarity of the fertilization mechanism between mice and rats. Although it was not essential, rat acrosin was functioning to facilitate the sperm penetration of the cumulus cell layer (Figures 3 and  4A ) as in mice [14, 35] .
Cumulus cell layers and fertilization
Initially, it was assumed that the cumulus layers could function as an obstacle, preventing spermatozoa from reaching eggs, and that hyaluronidase was the essential enzyme required for penetration of the cumulus layers. However, in experiments testing two types of hyaluronidase, neither HYAL5-nor SPAM1-disrupted males showed almost no phenotype [36, 37] . Alternatively, a new concept is postulated that spermatozoa use both hyaluronidase and protease cooperatively to penetrate the cumulus layers [35] , although the SPAM1/ACR and SPAM1/PRSS21 double knockout were not enough to produce infertile males.
The decreased litter size in acrosin-disrupted rats ( Figure 3A ) supported the involvement of protease in penetration of cumulus layers over species but the effect of acrosin disruption was severer in the rats because the decrease of the litter size was not reported in acrosin-disrupted mice [14] . The difference is probably based on the contribution of the acrosin as a source of the serine protease in these species. Both acrosin and Prss21 together form serine protease activity in mice, while acrosin is almost the sole source of serine protease in rats. To support this idea, the acrosin and Prss21 double knockout mouse line showed a similar phenotype [38] with the acrosin single-disrupted rat line (Figures 3 and 4) .
It should be noted that the penetration ratio of wild-type spermatozoa into cumulus-free eggs was apparently lower than that of the cumulus-covered eggs ( Figure 4A) . One of the reasons that we could speculate was that the enzymatic (hyaluronidase) treatment to remove the cumulus cell layers might directly or indirectly alter the ZP surface to reduce the penetrability by spermatozoa [39] . Eggs can be fertilized without cumulus cells, but the presence of these cells was demonstrated to facilitate fertilization in various ways. For example, spermatozoa (such as from fertilin-disrupted and/or Pdilt-disrupted mice) incapable of penetrating ZP are known to fertilize eggs when they are covered with cumulus cells [26, 40] . Cumulus cells are also reported to produce cytokine/chemokine which may enhance fertilization when the sperm hyaluronidase generate hyaluronan from OCCs [41] . As shown in the present paper, the decrease of fertilizing ability in acrosin-disrupted spermatozoa was more evident against cumulus-free eggs. This indicates a possible involvement of acrosin in the sperm-cumulus interaction, which facilitates fertilizing ability of spermatozoa.
If the localization of acrosin is inside the acrosome, and if the majority of the spermatozoa penetrate cumulus cells with their acrosomes intact [32] , it is difficult to assume that the acrosin is functioning in sperm-cumulus interaction. However, the sperm plasma membrane may experience changes before the acrosome reaction takes place. For example, in porcine, it is reported that during the capacitation period, the sperm plasma membrane and the outer acrosomal membrane "dock" [42] , and the proteins supporting the docking structure are replaced with a new set of proteins enabling the acrosome reaction [43] . The precise time required for this arrangement of the membrane "docking" machinery with "fusing" machinery is not clarified, but it is conceivable that during the intermediate state, some outer acrosomal membrane proteins may have a way to migrate out to the plasma membrane through these sites. In fact, acrosomal proteins ZPR3/sp56 in mice and other acrosomal matrix proteins in guinea pig are reported to emerge on the sperm surface before acrosome reaction by two different methods [44] [45] [46] . Moreover, acrosin is reported to be involved in the rearrangement and processing of acrosomal contents [16] .
Combining these reports together with the data shown in Figure 4 , it is possible to speculate the involvement of acrosin in spermcumulus interaction, which may facilitate the fertilizing ability of spermatozoa.
Despite considerable differences between serine protease activities in mouse and rat spermatozoa, the acrosin-disrupted rats did not result in infertile males. Together with the precedent results using acrosin-disrupted mice, it was indicated that the role of acrosin (together with PRSS21 in mice) was related not to the zona penetration, but rather to the cumulus layer penetration.
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Supplemental Figure S1 : Assessment of spontaneous acrosome reaction. Spontaneous acrosome reactions were assessed by the staining pattern of the anti-IZUMO1 antibody. As IZUMO1 emerged and spread on the surface of sperm head during/after acrosome reaction, we could classify the staining pattern as type I to type IV according to the IZUMO1 spreading area (spermatozoa that were not stained by the anti-IZUMO1 antibody as "type I" indicated acrosome-intact spermatozoa. Sperm head stained such as "type III" and "type IV" were judged as acrosome reacted. "Type II" spermatozoa were judged as acrosome reaction progressing. The staining pattern of "type IV" in rat was slightly different from that of mice [1] . S1 reference 1 (B) Sperm egg fusion was assessed by staining the nuclei by Hoechst 33 342 after insemination. Fused spermatozoa were detected as the swollen sperm nucleus (arrows).
